We evaluate the new regional quasigeoid model (OTG12) for New Zealand using the method which utilises the discretised integralequation approach for computing the near-zone contribution. The far-zone contribution is computed by modi ed spherical harmonics of the geopotential. Adopting the remove-compute-restore computation scheme, the near-and far-zone contributions are computed for the residual height anomalies, while the reference height anomalies are evaluated using a global gravitational model. For the numerical realisation, the GOCO-02S coefficients complete to degree 55 of spherical harmonics are used to generate the reference gravity eld. The 1×1 arc-min grid data of terrestrial gravity anomalies are used to compute the near-zone contribution. The far-zone contribution is evaluated using the EGM2008 coefficients at the frequency bound between degrees 56 and 2160 of spherical harmonics. The newly-adjusted levelling data are used to validate the available regional geoid/quasigeoid models. The accuracy assessment of gravimetric solutions at GNSS-levelling testing network reveals that the accuracy of OTG12 is compatible with the existing regional geoid/quasigeoid models; the standard deviation (STD) of residuals between the geometric and gravimetric height anomalies is 13 cm (after applying the 3-parameter correction model).
Introduction
proposed and applied the iterative gravimetric approach to compile the rst gravimetric quasigeoid model for New Zealand -NZGeoid05. This method utilises an iterative determination of the regional gravimetric quasigeoid model and its comparison with the geometric height anomalies obtained from GNSS-levelling data for each local vertical datum (LVD). Claessens et al. (2011) used the same approach to determine the regional quasigeoid model -NZGeoid2009. NZGeoid2009 is the currently adopted official national quasigeoid model for New heights are obtained after applying four additive corrections to the approximate geoid heights. These additive corrections account for the gravitational effects of topography and atmosphere, the downward continuation reduction and the ellipsoidal approximation of the Earth's shape. For a more detailed description of this method were refer readers to Sjöberg (1991 Sjöberg ( , 2003a Sjöberg ( , 2003b Sjöberg ( , 2003c Sjöberg ( , 2003d . The practical numerical aspects of the KTH method are explained, for instance by Ågren et al. (2009) . Tenzer et al. (2012a) applied the boundary element method (BEM) to determine the gravimetric quasigeoid model for New Zealand.
The direct BEM formulation for the Laplace equation is applied to obtain a numerical solution to the linearised xed gravimetric boundary-value problem at surface points. The numerical scheme uses the collocation method with linear basis functions. It involves a discretisation of the Earth's surface which is considered as a xed boundary. The theoretical and numerical aspects of this method are discussed in Čunderlík et al. (2008) and Čunderlík and Mikula (2009) .
In this study, we determine a new regional quasigeoid model for New Zealand (hereafter called OTG12). We implement the removecompute-restore (RCR) numerical scheme. The residual gravity data obtained from observed gravity data after subtracting the reference gravity eld are treated individually for the near and far zones. The discretised integral-equation approach (see Tenzer et al. 2012b ) is applied to compute the near-zone (residual) contribution to gravity eld. The far-zone (residual) contribution to gravity eld is evaluated in spectral domain utilising the far-zone modi ed spherical harmonics (see Tenzer et al. 2009 Tenzer et al. , 2011a . The methodology is brie y reviewed in Section 2. The input data description is given in Section 3. The results are presented and validated in Sections 4 and 5. The summary and concluding remarks are given in Section 6.
Methodology
The RCR scheme was used to compute the gravimetric quasigeoid model combining information from detailed terrestrial gravity datasets and satellite-only GGM. The reasons of using the satellite-only GGM in gravimetric geoid/quasigeoid modelling are discussed, for instance, by Vaníček and Sjöberg (1991) . Among these reasons the most important factor is the fact that the satellite-derived GGMs provide a homogenous description of longwavelength gravity eld with well de ned stochastic properties. The gravity eld quantities were divided into the reference (longwavelength) and residual (high-frequency) components. The reference gravity eld is de ned by the maximum degree of spherical harmonicsn. The residual gravity eld quantities were treated individually for the near-and far-zone surface integration subdomains. The near zone is de ned as ψ ∈ ⟨0, ψ 0 ⟩, and ψ ∈ ( ψ 0 , π⟩ de nes the far zone; where ψ is the spherical distance between the computation and integration points, and ψ 0 is the upper bound of the near zone.
Reference field
The computation of the reference disturbing potential T ref and respective gravity anomaly ∆g ref at a surface point (r, Ω) from the GGM coefficients is done using the following well-known expressions (e.g. Heiskanen and Moritz 1967, Chap. 2-17) 
and
where R = 6371 × 10 3 m is the Earth's mean radius, GM = 3986005 × 10 8 m 3 s −2 is the geocentric gravitational constant, T nm are the (fully-normalised) harmonic coefficients which describe the disturbing potential T , and Y nm are the (fully-normalised) surface spherical functions. The 3-D position is de ned by the geocentric spherical coordinates (r, Ω); where r is the geocentric radius and Ω = (ϕ, λ) denotes the geocentric direction with the geocentric spherical latitude ϕ and longitude λ.
Residual field -Near zone
The computation of the near-zone (residual) disturbing potential T nz at a surface point (r, Ω) from the corresponding near-zone (residual) gravity anomalies ∆g nz is done in two successive numerical steps. First, the gravity data analysis is applied to nd the parametric solution in terms of the disturbing potential values at the parametric surface. The near-zone (residual) gravity anomalies are obtained from the gravity anomalies by subtracting the reference and far-zone components.
The parameterisation of the local gravity eld is done by forming the observation equation for each gravity value ∆g nz in the following form
where T nz are the disturbing potential values which parameterise the gravity eld at positions (r ′ , Ω ′ i ) within the near zone and I is the total number of discretisation elements within the near zone.
The Green's kernel G for de ning the relation between ∆g nz and T nz reads (e.g. Novák 2003 )
The Poisson kernel P in Eq. (4) is given by (e.g. Heiskanen and Moritz 1967, Chap. 1-16) 
where ℓ is the Euclidean spatial distance between two points (r, Ω) and (r ′ , Ω ′ ).
In the second step, the gravity synthesis is applied to compute the near-zone (residual) disturbing potential values T nz at the surface points (r, Ω) from the parameterised solution. The parameterised solution is found by inverse solving the system of observation equations formed over the near zone according to Eq. (3). The gravity synthesis is then carried out using the following expression:
The expression in Eq. (6) is the discretised Poisson's integral equation. It allows computing the disturbing potential at the surface point from the respective values which parameterise the gravity eld in terms of disturbing potential.
Residual field -Far zone
The far-zone (residual) gravity eld quantities are computed according to the expressions derived by Tenzer et al. (2009) . The far-zone residual disturbing potential value T fz at a surface point (r, Ω) is de ned as
and the respective gravity anomaly ∆g fz reads r ∆g fz (r, Ω) =
where N is the maximum degree of the GGM coefficients used for generating the far-zone residual gravity eld quantities. The farzone modi ed surface spherical functionsT n (Ω , ψ o ) in Eqs. (7) and (8) are related to the surface spherical functions T n (Ω) by means of the Molodensky's truncation coefficients Q n (ψ o ) (Molodensky et al. 1960 ) as follows
The disturbing potential components T ref , T nz and T fz are converted into the respective components ζ ref , ζ nz and ζ fz of the height anomaly ζ by applying the Bruns formula, while using the normal gravity value γ computed at the telluroid.
Input datasets
The terrestrial gravity dataset and satellite-only GGM model were used to compute the regional gravimetric solution OTG12. The comparison of OTG12 with existing geoid/quasigeoid models (reviewed in Section 1) was realized at the GNSS-levelling testing network using the newly adjusted levelling data.
Gravity data
The near-zone contribution to the residual height anomalies was computed from the terrestrial (free-air) gravity anomaly dataset on a 1×1 arc-min regular geographical grid prepared at the Curtin University of Technology (cf. Cleassens et al. 2011) . They used the altimetry-derived marine gravity anomaly data extracted from the DNSC08 marine gravity database (Andersen et al. 2009 ) and terrestrial gravity anomaly data from the gravity database made available by the New Zealand's GNS Science institute. The map of the terrestrial gravity anomalies within the study area of New Zealand (bounded by the parallels of 33 and 48 arc-deg southern latitudes and the meridians of 164 and 181 arc-deg eastern longitudes) is shown in Fig. 1 . The gravity anomalies within this study area vary between -252.9 and 311.5 mGal, with the mean of 9.0 mGal and the standard deviation (STD) is 39.8 mGal.
Terrain model
The topographic heights of computation points on a 1×1 arc-min geographical grid were extracted from the 1×1 arc-sec detailed DTM of New Zealand (Columbus et al. 2011) . The map of terrain is shown in Fig. 2. 
Reference gravity field
The reference gravity eld quantities were generated using the GGM coefficients taken from the satellite-only model GOCO-02S (Goiginger et al. 2011 ). Abdalla and Tenzer (2012) have shown that GOCO-02S has the best regional t with GNSS-levelling data in New Zealand among all tested satellite-only GGMs; the STD of differences between the geometric and gravimetric height anomalies is 57 cm and the mean of these differences is 2 cm. The far-zone residual gravity eld quantities were evaluated using the GGM coefficients taken from the combined (terrestrial-satellite) model EGM08 (Pavlis et al. 2012 ).
Since the terrestrial grid gravity data were referred to the zero-tide system (cf. Cleassens et al. 2011), we used the coefficients of both GGMs in the same permanent tidal system.
GNSS-levelling data
The validation of gravimetric results was done using GNSSlevelling data. The testing network in New Zealand consists of 1452 GNSS-levelling benchmarks (772 at the North Island, and 680 at the South Island). The con guration of GNSS-levelling points is shown in Fig. 3 .
The geodetic (ellipsoidal) heights above the reference ellipsoid GRS80 (Moritz 1980) The newly adjusted levelling data and corrected for the average offsets relative to W0 were prepared by Tenzer et al. (2011b) . They applied the combined method for the uni cation of levelling networks at the South and North Islands of New Zealand. This method utilises the joint levelling network adjustment and a subsequent application of the geopotential-value approach. They used the levelling and normal gravity data for a joint adjustment of levelling networks at the South and North Islands while xing the heights of tide-gauge reference benchmarks in Dunedin and Wellington. Their results revealed a good relative precision of levelling data; the STD of least-squares residuals for the whole country was found to be 2 mm. The comparison of the newly determined and original normal-orthometric heights con rmed the presence of large local vertical datum offsets as well as (local) systematic levelling errors. The GNSS-levelling data and EGM08 were then used to estimate the average offsets of these two vertical datum realisations with respect to World Height System (WHS). WHS was de ned by the adopted geoidal geopotential value of W 0 = 62636856±0.5 m 2 s −2 (Burša et al. 2007 ). The different values of W 0 were reported by Sanchez (2007) and Dayoub et al. (2012) . It is worth mentioning, however, that the choice of W 0 is not essential as the accurate realisation of WHS depends merely on the accurate global geoid/quasigeoid model and reliable GNSS-levelling data. The estimated offsets for the jointly adjusted levelling networks at the North and South Islands were found to be 10.6 cm and 27.5 cm, respectively (Tenzer et al. 2011b) ; it corresponds to a relative offset between the vertical datums at the North and South Islands of 16.9 cm. The nal normal-orthometric heights were obtained from the adjusted normal-orthometric heights by applying these estimated offsets. The comparison of the regional gravimetric geoid/quasigeoid solutions with GNSS-levelling data requires the conversion of the newly adjusted normal-orthometric heights into the systems of (Molodensky's) normal and (Helmert's) orthometric heights. The conversion of the normal-orthometric to normal heights was done based on applying the cumulative normal to normal-orthometric height correction computed from the levelling and gravity anomaly data according to the formula given in Tenzer et al. (2011b) . In the absence of the observed gravity data the gravity anomalies along levelling lines were generated from the EGM08 coefficients (complete to spherical harmonic degree 2160). The computed values of the normal to normal-orthometric height correction at the North Island's levelling benchmarks are between -4.9 and 10.7 cm. The corresponding values of this correction at the South Island's levelling benchmarks are between -2.6 and 5.7 cm (cf. Tenzer et al. 2011b ). The conversion of the normal to orthometric heights was done by applying the geoid-to-quasigeoid correction. This correction term was computed approximately as a function of the topographic height and the simple planar Bouguer gravity anomaly at levelling benchmarks (cf. Santos et al. 2006 , and reference herein). The values of gravity anomalies at levelling benchmarks were generated using EGM08. The computed values of the geoid-to-quasigeoid correction at the North Island's levelling benchmarks are between -1.5 and 9.0 cm and between -2.5 and 6.5 cm at the South Island's levelling benchmarks (cf. Tenzer et al. 2011b ). The differences between the orthometric and normal-orthometric heights at levelling benchmarks vary between -3.2 and 13.0 cm (at the North Island) and between -2.9 to 7.9 cm (at the South Island).
Results
In order to solve the near-zone contribution, we rst subtracted the reference gravity eld from the terrestrial gravity anomaly data (shown in Fig. 1 The reference gravity eld was considered up to the maximum degree 55 of spherical harmonics. The choice of this maximum GGM degree was done empirically based on nding the best STD t of the regional gravimetric solution with GNSS-levelling data using different degrees of reference eld. The reference gravity anomalies and height anomalies computed using the GOCO-02S coefcients complete to spherical harmonic degree 55 are shown in Figs. 4a and 4b respectively. Over the study area, the reference Figure 5 . The far-zone (residual) gravity field quantities computed on a 1×1 arc-min grid of 9 surface points using the EGM08 coefficients within degrees from 55 up to 2160 of spherical harmonics: (a) ∆g fz and (b) ζ fz .
the mask matrix to account only for the values within the near-zone area. The mask matrix consists of values 1 (if ψ ≤ ψ 0 ) and 0 (when ψ > ψ 0 ). For more details we refer readers to Tenzer and Novák (2008) . The system of observation equations was solved iteratively using the Jacobi scheme (e.g. Young 1971 ). The regularization was not applied. After nding the solution which parameterises the gravity eld in terms of the disturbing potential values, the gravity synthesis was applied according to Eq. (6). In this numerical step, the parametric solution was used to calculate the near-zone residual disturbing potential values at surface points. The respective height anomalies were obtained after applying the Bruns formula.
The near-zone residual height anomalies are shown in Fig. 6b . 
Validation of results
The new gravimetric solution was combined with GNSS-levelling data in order to reduce the systematic distortions between the geometric and gravimetric height anomalies. These systematic distortions were modelled by applying a 3-parameter correction model (Kotsakis and Sideris 1999) . The observation equations were formed for the differences between the geometric and gravimetric height anomalies at the GNSS-levelling testing network and solved by applying the least-squares analysis. Since the realistic assessment of the accuracy of levelling, GNSS and gravity data is problematic due to several reasons (e.g., the accuracy of measurements is not provided, realisation of levelling networks and gravity observations at different epochs over several decades affected by systematic errors due to vertical land motions), no a priori information about the accuracy was used in the estimation model. To assess the achieved accuracy of the new quasigeoid model OTG12, we repeated the same analysis using the existing regional geoid/quasigeoid models NZGeoid2009, BEM and KTH. The statistics of the least-squares residuals after modelling the systematic distortions between the four regional gravimetric geoid/quasigeoid solutions and GNSS-levelling data by the 3-parameter correction model are summarized in Table 1 . The corresponding histograms of residuals are shown in Fig. 8 .
The nal quasigeoid model OTG12 was obtained from the gravimetric solution after modelling and removing the systematic distortions between the geometric and gravimetric height anomalies by the 3-parameter correction surface. OTG12 has the best STD t with GNSS-levelling data of 13 cm (cf. 0.14 0.16 0.14 0.13 of 14 cm. Compared to other models; OTG12 has a considerably better agreement with GNSS-levelling data by means of the range of least-squares residuals. This range is 78 cm. The range of KTH (of 96 cm) is similar to that found for NZGeoid2009 (of 100 cm). The largest discrepancies are between the BEM quasigeoid and GNSSlevelling data at the range of 116 cm (cf. Table 1 ). As seen from the histograms in Fig. 8 , the least-squares residuals of all four regional geoid/quasigeoid models are irregularly distributed with a large number of the small negative residuals coupled by a much large range of the positive residuals.
Summary and concluding remarks
We applied a novel numerical scheme for the regional quasigeoid modelling in New Zealand. The reference gravity eld was evaluated from the satellite-only GGM model. The residual gravity eld was treated individually for the near and far zones. The discre- tised integral-equation approach was applied to solve the nearzone contribution to the residual quasigeoid model while the farzone contribution was evaluated by applying the far-zone modied spherical harmonics by means of Molodensky's truncation coefficients. The nal combination of the gravimetric solution with GNSS-levelling data was done using the 3-parameter correction model. The new regional gravimetric quasigeoid model OTG12 was compiled on a 1×1 arc-min grid and its accuracy accessed at the GNSS-levelling testing network in New Zealand by comparing with the existing regional geoid/quasigeoid models NZGeoid2009, KTH and BEM. The newly adjusted levelling data were used for the validation of results.
The comparison of the four regional geoid/quasigeoid models revealed that OTG12 has either comparable or better agreement with GNSS-levelling data. Whereas the STD t of all four models is very similar (within 13-14 cm), the range of distortions computed for these models varies signi cantly. The range of differences between OTG12 and GNSS-levelling data is about 20% better when compared to NZGeoid2009 and KTH, while better than 30% when compared to BEM.
Despite the OTG12 quasigeoid model has the STD t with GNSSlevelling data of 13 cm, this value more likely does not represents a realistic estimate of its actual accuracy. This is due to several reasons, among others the presence of unmodelled systematic errors within levelling networks and gravity solutions as well as a low and irregular spatial coverage of levelling and gravity data in New Zealand (note, for instance, that the GNS Science gravity database consists of only about 40 thousands gravity measurements). Therefore, the expected accuracy of OTG12 is lower, especially over large parts of the South Island where levelling and gravity data are absent.
